The CD4 ؉ CD25 ؉ FOXP3 ؉ regulatory T (Treg) cells are critical for maintaining immune tolerance in healthy individuals and are reported to restrict anti-inflammatory responses and thereby promote tumor progression, suggesting them as a target in the development of antitumor immunotherapy. Forkhead box P3 (FOXP3) is a key transcription factor governing Treg lineage differentiation and their immune-suppressive function. Here, using Treg cells, as well as HEK-293T and Jurkat T cells, we report that the stability of FOXP3 is directly and positively regulated by the E3 ubiquitin ligase ring finger protein 31 (RNF31), which catalyzes the conjugation of atypical ubiquitin chains to the FOXP3 protein. We observed that shRNA-mediated RNF31 knockdown in human Treg cells decreases FOXP3 protein levels and increases levels of interferon-␥, resulting in a Th1 helper cell-like phenotype. Human Treg cells that ectopically expressed RNF31 displayed stronger immune-suppressive capacity, suggesting that RNF31 positively regulates both FOXP3 stability and Treg cell function. Moreover, we found that RNF31 is up-regulated in Treg cells that infiltrate human gastric tumor tissues compared with their counterparts residing in peripheral and normal tissue. We also found that elevated RNF31 expression in intratumoral Treg cells is associated with poor survival of gastric cancer patients, suggesting that RNF31 supports the immune-suppressive functions of Treg cells. Our results suggest that RNF31 could be a potential therapeutic target in immunity-based interventions against human gastric cancer.
The CD4 ؉ CD25 ؉ FOXP3 ؉ regulatory T (Treg) cells are critical for maintaining immune tolerance in healthy individuals and are reported to restrict anti-inflammatory responses and thereby promote tumor progression, suggesting them as a target in the development of antitumor immunotherapy. Forkhead box P3 (FOXP3) is a key transcription factor governing Treg lineage differentiation and their immune-suppressive function. Here, using Treg cells, as well as HEK-293T and Jurkat T cells, we report that the stability of FOXP3 is directly and positively regulated by the E3 ubiquitin ligase ring finger protein 31 (RNF31), which catalyzes the conjugation of atypical ubiquitin chains to the FOXP3 protein. We observed that shRNA-mediated RNF31 knockdown in human Treg cells decreases FOXP3 protein levels and increases levels of interferon-␥, resulting in a Th1 helper cell-like phenotype. Human Treg cells that ectopically expressed RNF31 displayed stronger immune-suppressive capacity, suggesting that RNF31 positively regulates both FOXP3 stability and Treg cell function. Moreover, we found that RNF31 is up-regulated in Treg cells that infiltrate human gastric tumor tissues compared with their counterparts residing in peripheral and normal tissue. We also found that elevated RNF31 expression in intratumoral Treg cells is associated with poor survival of gastric cancer patients, suggesting that RNF31 supports the immune-suppressive functions of Treg cells. Our results suggest that RNF31 could be a potential therapeutic target in immunity-based interventions against human gastric cancer.
FOXP3 ϩ regulatory T cells (Tregs) 4 represent a specific subset of CD4 ϩ T cells that are crucial for the maintenance of self-tolerance and immune homeostasis (1) . The Xchromosome-encoded transcription factor FOXP3 is essential for both Treg cell development and function (2) . Treg cells become instable and acquire effector T cell function by losing FOXP3 expression (3) (4) (5) (6) . Conversely, effector T cells manipulated to ectopically express FOXP3 could gain the Treg cell phenotype (2, 7) . FOXP3 protein levels in Treg cells can be regulated by the balance of its expression and degradation. It has been reported that transforming growth factor-␤, IL-2, or T cell receptor stimulation of T cells can up-regulate Foxp3 transcription to promote FOXP3 expression (8, 9) . Our previous findings have established that FOXP3 protein could be regulated at the post-translational level (10 -12) . Several studies have shown that FOXP3 could be polyubiquitinated and deubiquitinated, which may impact FOXP3 protein stability and subsequent Treg cell suppressive capability (10, 11, 13) . Thus, it is of paramount importance to identify potential ubiquitin ligase (E3) or deubiquitinase (DUB), which are involved in FOXP3 protein stability to explore new mechanisms underlying lineage commitment of Treg cells.
The linear ubiquitin chain assembly complex (LUBAC) is composed of three proteins: ring finger protein 31 (RNF31/ HOIP), RanBP-type and C3HC4-type zinc finger containing 1 (RBCK1/HOIL-1), and SHANK-associated RH domain interacting protein (SHARPIN/SIPL1) (14, 15) . RNF31 is the E3 ubiquitin protein ligase component of LUBAC, and is responsible for linear polyubiquitin chain formation. The autoinhibition of RNF31 can be released through binding to RBCK1 or SHARPIN (16) . LUBAC plays a role in various cell signaling pathways by catalyzing the addition of linear polyubiquitin chains to substrates. It has been reported to be involved in innate and adaptive immune responses downstream of TLR, NLRP3, T cell receptor, B cell receptor, NOD2, and TNFR ligation (17) (18) (19) (20) (21) (22) . These signals involve the linear ubiquitination of ASC to facilitate NLPR3 inflammasome assembly and NEMO to strengthen canonical NF-B activation (19, 23) .
It has been demonstrated that Treg cell-specific ablation of RNF31 in mice causes severe Treg cell deficiency and lethal immune pathology, revealing an ongoing requirement of LUBAC activity for Treg cell homeostasis (24) . However, whether it is critical for human Treg function and the underlying mechanism requires further exploration. In our study, we found that RNF31 was indispensable for maintaining human Treg cell function and positively regulated Treg cell suppressive capability by directly interacting and greatly stabilizing FOXP3 through catalyzing the conjugation of atypical ubiquitin chains to FOXP3. Moreover, a higher level of RNF31 in gastric tumor-infiltrated Treg cells was observed and associated with poor prognosis. Therefore, here we characterized a unique regulatory pathway for FOXP3 stability, which could be a potential drug target for anti-tumor immunotherapy.
Results

RNF31 is indispensable for human Treg cell function
To explore the importance of RNF31 in human Treg cells, we first analyzed the expression of RNF31 in peripheral Treg cells and conventional T cells. A modestly higher mean fluorescence intensity (MFI) of RNF31 signaling was observed in Treg cells, compared with Tconv cells (Fig. 1A ). We next utilized in vitro expanded human Treg cells ( Fig. 1B) to test the impact of RNF31 on human Treg cell function by performing RNF31 knockdown assay, and found shRNF31-transfected human Treg cells produced higher amounts of IFN-␥ (Fig. 1C) , implying a Th1-like phenotype. Meanwhile, no obvious difference was observed in Tconv cells, which are negative for FOXP3 in terms of IFN-␥ secretion with RNF31 knockdown, indicating RNF31 influenced IFN-␥ production in a FOXP3-dependent manner ( Fig. 1D ). MFI of Treg cell signature markers, such as CTLA-4 and CD25, were down-regulated in human Treg cells with RNF31 knockdown (Fig. 1E ). Accordingly, we examined the activity of Treg cells using an in vitro suppression assay, and found that Treg cells after RNF31 knockdown had significantly impaired suppressive capacity toward Tconv cell proliferation ( Fig. 1, F and G) , revealing that RNF31 is indispensable for human Treg cell function.
RNF31 is a positive regulator for the stability of human FOXP3 protein
Because those markers detected above (IFN-␥, CD25, and CTLA4) were FOXP3 targeting genes (25) , we further explored whether RNF31 deficiency influenced FOXP3 expression. The down-regulation of FOXP3 protein in Treg cells with RNF31 knockdown was indeed observed ( Fig. 2A) . Meanwhile, the FOXP3 gene was poorly transcribed in RNF31 knockdown Treg cells ( Fig. 2B ). Because FOXP3 transcription needs persistent FOXP3 protein expression as a positive feedback loop for the regulation of FOXP3 gene locus (26) , we then established a Jurkat T cell line stably expressing FLAG-tagged FOXP3 under the control of a constitutive expressing ubiquitous promoter, to investigate how RNF31 affected FOXP3 expression. We found that there was a decreased level of FLAG-FOXP3 protein (Fig.  2C ), whereas with a comparable FLAG-FOXP3 transcription in the cells with RNF31 knockdown (Fig. 2D ), suggesting that RNF31 deficiency affected the post-translational modificationmediated degradation of FOXP3 protein.
To further determine whether RNF31 was required for the stability of FOXP3, we overexpressed FLAG-FOXP3 and various doses of c-Myc-tagged RNF31 and found that RNF31 enhanced FOXP3 protein stability in a dose-dependent manner (Fig. 2 , E and F). Treatment of the transfected cells with cycloheximide showed the elongated half-life time on FOXP3 protein with the overexpression of RNF31 (Fig. 2 , G and H), and RNF31 significantly prevented FOXP3 from STUB1-mediated protein degradation ( Fig. 2I ). Taken together, these results indicate that RNF31 is required for FOXP3 stability in primary human Treg cells and promotes FOXP3 stability at the posttranslational level.
RNF31 interacts with FOXP3
To test whether RNF31 is a direct E3 ligase of FOXP3 that is required for its stability, we first carried out a binding assay to determine whether FOXP3 could associate with RNF31. Reciprocal immunoprecipitation revealed an interaction between FOXP3 and RNF31 ( Fig. 3A) as well as the other two LUBAC members ( Fig. S1, A and B) . In primary human Treg cells, FOXP3 immunoprecipitated with RNF31 as well as one LUBAC member RBCK1, suggestive of the endogenous interaction between FOXP3 and RNF31 ( Fig. 3B, Fig. S1C ). Consistently, RNF31 was also demonstrated to co-localize with FOXP3 in the nucleus of Treg cells under confocal microscopy ( Fig. 3C ). Through the mapping of different truncations of FOXP3, we found that the zinc finger subdomain of FOXP3 was essential for its interaction with RNF31 ( Fig. S2A ). Likewise, a panel of RNF31 truncation expression constructs were generated and the NZF1-NZF2 subdomain was crucial for their interaction with each other (Fig. S2B ).
RNF31 promotes FOXP3 stability through mediating atypical ubiquitin conjugation of FOXP3
Given that RNF31 is mainly reported as the E3 ligase mediating linear ubiquitination, we then explored whether RNF31 could catalyze the addition of linear polyubiquitin chains to FOXP3 with NEMO as a positive control. We observed that RNF31 could not efficiently conjugate linear polyubiquitin RNF31 is required for human Treg stability chains to FOXP3 (Fig. 3D ). Meanwhile, we could barely observe linear polyubiquitin-conjugated FOXP3 in primary human Treg cells ( Fig. S3A ). Because RNF31 is also reported to catalyze the addition of nonlinear ubiquitin chains to its substrates (27) , we next explored whether RNF31 modified FOXP3 in a nonlinear ubiquitination way. Accordingly, we carried out a His-ubiquitin pulldown assay in which the N-Met of ubiquitin is blocked to inhibit the formation of linear polyubiquitin chains (16) , and the high level of ubiquitinated FOXP3 was observed, which could significantly stabilize the FOXP3 protein ( Fig. 3E) . These data suggest a nonlinear ubiquitination modification-mediated mechanism controls the stabilization of FOXP3 in cells with ectopic RNF31 expression.
We next investigated which type of ubiquitin-chain linkage was catalyzed by RNF31 on FOXP3. We transfected HEK-293T cells with plasmids expressing WT His-ubiquitin or various His-ubiquitin mutants as indicated (with all seven lysine to arginine substitutions; with only one of each the seven lysine residues remained; and with only one lysine to arginine substitution) together with RNF31. Among all the ubiquitin mutants tested, we observed that none of the seven lysine residues was essential and required for RNF31-mediated conjugation of ubiquitin chains to FOXP3 (Fig. S3B ). Consequently, we proposed that RNF31 mainly catalyzed FOXP3 ubiquitination in a multi-monoubiquitination manner. And indeed it was further confirmed by using KO Ubi transfection ( Fig. 3F ). Of note, Figure 1 . RNF31 is indispensable for human Treg cell function. A, MFI of RNF31 expression was measured in CD4 ϩ FOXP3 ϩ Treg cells and CD4 ϩ FOXP3 Ϫ Tconv cells from PBMC of healthy donors (n ϭ 3, *, p Ͻ 0.05). B, CD4 ϩ CD25 hi CD127 low (Treg cells) T cells isolated from healthy donors were stimulated with anti-CD3/CD28 beads, IL-2 (500 units) for 7 days, followed by detection of Treg purity through FOXP3 staining. C, in vitro expanded Treg cells for a knockdown assay using shRNA-bearing lentivirus, followed by detection of Treg cell function in terms of IFN-␥ secretion. D, CD4 ϩ CD25 low CD127 high (Tconv cells) for a knockdown assay using shRNA-bearing lentivirus, followed by detection of IFN-␥ secretion. E, CTLA4 or CD25 expression were detected in in vitro expanded Treg cells transfected with shRNA-bearing lentivirus. F, in vitro suppression assay was performed in Treg cells transfected with lentivirus carrying shCK or shRNF31 constructs. G, percentage of proliferated responder T cells was assessed as shown in F (n ϭ 3). All data represent mean Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.01 as determined by Student's t test. NS, not significant.
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monoubiquitinated FOXP3 could be significantly observed ( Fig. 3F ).
Ubiquitination is primarily reported as a sequential cascade to bind ubiquitin to lysine residues on the protein substrate via an isopeptide bond (28). FOXP3 has 20 lysine residues present at different domains. To identify the lysine residues responsible for RNF31-mediated multi-monoubiquitination, we first generated the mutant FOXP3-20R in which all of the lysine residues in FOXP3 were replaced with arginine. Then, we reintroduced individual lysine residues into FOXP3-20R to generate the single lysine mutants in which only one lysine was present (11) . Co-transfection and immunoblot analysis revealed that RNF31 mediated the protein stability of FOXP3 (WT) and the eight mutants (FOXP3-K31only, K200only, K250only, K263only, K268only, K382only, K393only, K416only), but not other FOXP3 mutants (Fig. S4, Fig. 4A ). To confirm the involvement of the eight lysine residues in RNF31-mediated multi-monoubiquitination and protein stability of FOXP3, we further constructed the mutant FOXP3-8R in which lysine residues at positions 31, 200, 250, 263, 268, 382, 393, and 416 were replaced with arginine. Co-transfection and a His-ubiquitin pulldown assay demonstrated that RNF31 induced protein stability and multi-monoubiquitination to FOXP3 (WT), but not mutants FOXP3-8R, as well as FOXP3-20R ( Fig. 4B ). Together, these data demonstrated that RNF31 catalyzed the atypical ubiquitin conjugation to FOXP3 on lysine residues 31, 200, 250, 263, 268, 382, 393, and 416.
We next screened several reported RNF31 enzymatically inactive mutants (29) , and found none of these mutants affected RNF31-mediated stability of FOXP3 ( Fig. 4C ). Consequently, we utilized the truncation construct N1-RNF31 whose catalytic center was deleted but the ability to interact with FOXP3 remained unaffected as the enzymatically inactive mutant. As expected, N1-RNF31 could not induce multi-monoubiquitination or enhance the FOXP3 protein level ( Fig. S2B, Fig. 4D ). To further verify the involvement of RNF31 in mediating FOXP3 multi-monoubiquitination, we purified StrepII-FOXP3 from CHO-K1 cell supernatant, FLAG-RNF31, N1-FLAG-RNF31, and FLAG-RBCK1 from the HEK-293T cell pellet (Fig. S5) , and combined them with His-E1, His-Ubc5Hb (E2), and His-FLAG-ubiquitin, which have been reported previously for an in vitro ubiquitination assay (12) . Ubiquitination, and especially monoubiquitination of FOXP3 was observed in this cell-free system (Fig. 4E ). These data collectively suggested that RNF31 
could directly modify FOXP3 through multi-monoubiquitination, resulting in robust FOXP3 stability.
TCR/CD28 signaling up-regulates RNF31 expression in Treg cells
To further investigate the physiological correlation between RNF31 and FOXP3 in primary Treg cells, we compared the expression of RNF31 and Foxp3 in nonactivated naive (CD4 ϩ Foxp3 ϩ CD44 low ) Treg cells and activated effector/ memory (CD4 ϩ Foxp3 ϩ CD44 high ) Treg cells from C57BL/6 mice, and found both the MFI of RNF31 and Foxp3 signaling were elevated in activated Tregs (Fig. 5A ), indicating TCR/ CD28 signaling may be critical for the RNF31-mediated stability of FOXP3 (30) . Consistently, when we treated primary human Treg cells with anti-CD3/CD28 antibodies (Ab), we observed that the expression of RNF31 increased gradually along with TCR/CD28 activation, and FOXP3 displayed a similar trend (Fig. 5, B and C) . More importantly, we found that there was an upper band about 7-8 kDa larger than FOXP3 following TCR/CD28 stimulation, which was perceived as monoubiquitinated FOXP3 (Fig. 5D ). To further examine the correlation between FOXP3 stability and ubiquitination by RNF31 in primary Treg cells following TCR/CD28 activation, we treated human primary Treg cells with anti-CD3/CD28 antibodies for 48 h, and observed the increased level of both FOXP3 and RNF31 protein. Simultaneously, the ubiquitination level of FOXP3, especially monoubiquitinated FOXP3 was upregulated ( Fig. 5E ). In summary, these results support that TCR/CD28 signaling up-regulates RNF31 expression and facilitates RNF31-mediated FOXP3 stability through multi- were harvested and lysed for co-immunoprecipitation (co-IP) as indicated. B, human CD4 ϩ CD25 high CD127 low expanding Treg cells were cultured with anti-CD3/CD28 Ab in the presence of IL-2. Cells were collected for endogenous co-IP and Western blotting as indicated. C, in vitro expanded human Treg cells were incubated with specific antibodies. Representative confocal images were visualized for endogenous RNF31 (red) and FOXP3 (green) with DAPI used to visualize the nuclei (blue). D, FLAG-NEMO, FLAG-FOXP3, ubiquitin, and Myc-RNF31 were transfected into HEK-293T cells, followed by immunoblot analysis of linear ubiquitinated FLAG-FOXP3 or FLAG-NEMO as indicated. E, FLAG-FOXP3, Myc-RNF31, and His-ubiquitin were transfected into HEK-293T cells, cell lysates were incubated with nickel-nitrilotriacetic acid beads, followed by immunoblot analysis of ubiquitinated FLAG-FOXP3. F, FLAG-FOXP3, Myc-RNF31, and His-ubiquitin (WT) and mutant His-ubiquitin (KO, without retention of any lysine) were transfected into HEK-293T cells, cell lysates were incubated with nickelnitrilotriacetic acid beads, followed by immunoblot analysis of ubiquitinated FLAG-FOXP3.
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monoubiquitination in Treg cells, which can be partly responsible for the up-regulation of FOXP3 in Tregs upon TCR/CD28 activation.
RNF31 is positively associated with Treg cell function
We then performed RNF31 overexpression in primary Treg cells to further investigate its role in affecting FOXP3 stability. Treg cells were transduced with lentivirus containing empty vector, or RNF31 expression constructs. In consistent with our results, FOXP3 expression was elevated in RNF31-overexpressing Treg cells, accompanied by an increased level of FOXP3 ubiquitination, especially monoubiquitinated FOXP3 (Fig. 6A) . We next investigated whether RNF31 could positively regulate human Treg cell function. We observed that Treg cells overexpressing RNF31 by lentivirus displayed increased PD-L1 and CTLA-4 expression ( Fig. 6, B and C) . These results suggest that RNF31 positively regulate Treg cell characteristic genes. To further test the effect of RNF31 in Treg cell function, we performed an in vitro suppressive assay. Compared with empty vector-transduced cells, Treg cells overexpressing RNF31 were markedly more capable of suppressing the proliferation of conventional T cells in a cell trace violet dilution assay (Fig. 6, D and E) . Taken together, these data indicate that RNF31 in primary human Treg cells results in multi-monoubiquitination-mediated stability of FOXP3, acquisition of Treg cell signature gene activation, and gain of superior Treg cell suppressive function. 
RNF31 is required for human Treg stability RNF31 is up-regulated in tumor-infiltrated Treg cells
It is reported that Treg cells can facilitate tumor growth and metastasis based on the observed regression of established tumors in experimental models of Treg cell depletion (31) . The proportion and function of Treg cells are shown increased within the gastric tumor microenvironment and are potent suppressors of effector cells (32) . To further verify the positive role of RNF31 in Treg cells, we examined the expression of RNF31 in human gastric tumor-infiltrated Treg cells. The expression of RNF31 in the tumor-infiltrated Treg cells was elevated, compared with those from the peripheral blood and normal gastric tissues (Fig. 7, A and B) . We next sought to determine the functionality of tumor-infiltrated Treg cells by investigating Treg cell signature genes and found several Treg cell functional markers including CTLA-4, PD-L1, and CCR8 were highly expressed by tumor-infiltrated Treg cells, compared with Treg cells from the normal tissues (Fig. 7C, Fig.  S6A ). Because RNF31 was more exclusively expressed by gastric tumor-infiltrated Treg cells than infiltrated Tconv cells (Fig.   7D, Fig. S6B ) and FOXP3 in gastric tumor-infiltrated Treg cells were positively correlated with RNF31 ( Fig. 7E ), we then sought to determine whether RNF31 expression in Treg cells within gastric cancer correlated with disease prognosis by turning to the TCGA gastric cancer bulk tumor RNA-seq dataset (33) . We observed that patients were separated into two distinct groups based on median RNF31/FOXP3 mRNA ratio. Consistent with our hypothesis, patients with a higher level of RNF31 in intratumoral Treg cells were associated with decreased survival (Fig.  7F) . These data collectively indicate that targeting RNF31 might represent a promising immunotherapeutic approach for the treatment of gastric cancer.
We next confirmed our conclusions above in the C57BL/6 mice model of melanoma (31) . Male mice were subcutaneously injected with B16.F10 melanoma tumor cells, and tumors and peripheral lymph nodes were isolated for analysis on day 12 post-injection. Consistent with our results in human gastric cancer, both RNF31 and Foxp3 expression were elevated in intratumoral Treg cells (Fig. 7G, Fig. S6C ), and the level of 
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Foxp3 in intratumoral Treg cells was positively correlated with RNF31, compared with peripheral Treg cells (Fig. 7H ). In the meantime, intratumoral Treg cells showed increased expression of the activation marker CD44 (Fig. 7G, Fig. S6C ). Because TCR/CD28 stimulation is the driving force for priming Treg cell activation (30), we next assessed the possibility that these phenotypes were caused by the more powerful TCR/CD28 signaling. Accordingly, we checked a series of pathways downstream of TCR/CD28 signaling, and found intratumoral Treg cells showed increased AKT, extracellular signal-regulated kinase, and P38 phosphorylation (Fig. 7I, Fig. S6D) (34, 35) . These data implied that Foxp3 was robustly up-regulated in tumor-infiltrated Treg cells, which was positively associated with an increased level of RNF31, whose up-regulation might be attributed to the stronger TCR/CD28 activation occurring in tumor tissues.
Discussion
It has been reported that mice with RNF31 specifically deleted in Treg cells exhibited severe immune pathology, including lymphadenopathy, lymphocytic perivascular infiltration, tissue destruction of many nonlymphoid organs, and abnormally high numbers of activated CD4 ϩ and CD8 ϩ T cells (24) . These features reveal a requirement of RNF31 for Treg cell homeostasis. They also pointed out that RNF31 deficiency does not affect the thymic Treg cell proportions, yet results in a marked decrease in the numbers and frequency of Treg cells in the secondary lymphoid organs, and the defect was not caused by TNF-induced cell death. Their work implies that RNF31 is required for the maintenance of mature Treg cells in mice, but the underlying mechanism remains unknown.
Our work reports that RNF31 is required for maintaining human Treg lineage stability and cell function via affecting FOXP3 protein stability directly. Evidence has supported the notion how FOXP3 instability facilitates the generation of T-effector-cell-like Treg cells (10, 11) . We observed that Treg cells with RNF31 knockdown acquired a Th1-like phenotype, with higher levels of IFN-␥ secretion, lower levels of Treg signature gene expression, and impaired suppressive activity, which was attributed to FOXP3 instability. In the meanwhile, Treg cells overexpressing RNF31 displayed increased expression of Treg cell signature genes and stronger suppressive capacity, which was due to the enhanced FOXP3 stability. Our previous studies have reported that Treg cells can become unstable under inflammatory milieu, for instance, both TNF␣ and lipopolysaccharide treatment can lead to FOXP3 protein degradation (11, 36) , thus resulting in Treg cell impairment. We found that RNF31 facilitated FOXP3 stability following TCR/CD28 stimulation, and this may explain the reason why RNF31 loss in mice Treg cells does not affect thymic Treg cell numbers but results in a robust decrease in Treg cell propor- 
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tions and numbers from the secondary lymphoid organs, which might be due to the more intensive antigen challenge (TCR/ CD28 stimulation) occurring in the peripheral, compared with the thymus.
In our work, we observed that human Treg cells knockdown of RNF31 displayed reduced FOXP3 protein and poor FOXP3 transcription as well. However, our results in the Jurkat T cell line stably expressing FLAG-tagged FOXP3 implied that RNF31 controlled FOXP3 expression at the post-translational level. We then investigated whether RNF31 could typically add linear polyubiquitin chains to FOXP3, yet we failed to observe linear polyubiquitin-conjugated FOXP3. We next turned to the atypical role of RNF31 in mediating nonlinear ubiquitination to its substrates and found RNF31 could efficiently catalyze multimonoubiquitination to FOXP3, which significantly resulted in FOXP3 protein stability. Although we unveiled how RNF31 directly affects FOXP3 protein stability at the post-translational level, we could not rule out the possibility that RNF31 could indirectly affect FOXP3 expression at the transcriptional level because RNF31 is responsible for strengthened canonical NF-B activation (23) , which is critical for FOXP3 transcription (37) . What is more, RNF31 could also affect FOXP3 transcription through the FOXP3 protein because persistent FOXP3 expression is required for constant FOXP3 transcription as a positive feedback loop for the regulation of the FOXP3 gene locus (26) . Therefore, in our work, we focused on how RNF31 controlled FOXP3 expression at the post-translational level and our data suggest that RNF31 can directly target FOXP3 protein to control Treg cell lineage and functional stability. 
His-pulldown analysis demonstrated that RNF31 can catalyze the atypical ubiquitin conjugation to FOXP3 on lysines 31, 200, 250, 263, 268, 382, 393, and 416. In our attempt to screen enzymatically inactive mutants for the atypical role of RNF31 in mediating FOXP3 multi-monoubiquitination, none of those reported mutants were responsible for its atypical function. It should be interesting to decipher the enzymatic core of RNF31 that is involved in mediating multi-monoubiquitination in future studies.
Treg cells are reported to restrict anti-inflammatory responses and promote tumor progression (38) . Therefore, augmenting Treg cell suppressive function could facilitate tumor growth and predict poor anti-tumor immune responses. Because Treg cells within the tumor microenvironment are more capable of suppressing the proliferation and function of effector T cells (39), we then checked whether RNF31 could be correlated with the superior suppressive function of intratumoral Tregs. We observed that RNF31 expression was elevated in human gastric tumor-infiltrated Treg cells, accompanied with up-regulation of Treg functional markers, when compared with Treg cells from the normal tissues. What is more, analysis from the TCGA database demonstrates that patients with higher RNF31 in intratumoral Treg cells have poor survival, indicating that RNF31 can be a potential therapeutic target for the treatment of human gastric cancer.
We also induced a mouse melanoma model to investigate the positive role of RNF31 in intratumoral Treg cells. Consistent with the phenomenon observed in human gastric cancer, the up-regulation of RNF31 as well as Foxp3 expression was observed in Treg cells within the tumor microenvironment. Besides, the activation marker CD44 of intratumoral Treg cells was enhanced at the same time. Because TCR/CD28 stimulation is the primary driver for priming Treg cell activation (30), we further investigated the TCR signaling strength by checking a series of signaling pathways downstream. The more powerful TCR/CD28 signaling was observed in intratumoral Treg cells, which was demonstrated by increased AKT, extracellular signal-regulated kinase, and P38 phosphorylation levels. These data indicate that the stronger TCR/CD28 signaling occurred in Treg cells within the tumor microenvironment positively correlated with the enhanced RNF31 and Foxp3 protein level, which was in concert with our earlier results that TCR/CD28 stimulation increased the level of RNF31, which might contribute to the concomitant increase of FOXP3 expression. These data further correlate TCR/CD28 activation with RNF31 up-regulation and subsequent FOXP3 stability.
In summary, our work reports the indispensable and positive role of RNF31 in maintaining human Treg cell function, we also uncover the underlying mechanism of RNF31 in mediating atypical ubiquitin conjugation of FOXP3, which significantly stabilizes the FOXP3 protein at the post-translational level.
Experimental procedures
Plasmids, abs pcDNA (optimized)-HA/FLAG-tagged FOXP3, FOXP3 truncations, FOXP3 mutants, His-tagged ubiquitin and mutants, and FLAG-tagged STUB1 were constructed as described previously (11) . RBCK1, RNF31, SHARPIN, and NEMO were amplified from HEK-293T cells or human peripheral blood mononuclear cell cDNA and then cloned into the phosphatidylinositol phosphate-vectors. The following Abs were used for immunoprecipitation (IP), immunofluorescence (IF), immunoblotting (IB), and flow cytometry: 
Cell culture
HEK-293T cells (ATCC) and Jurkat T cells (ATCC) were grown at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium and RPMI 1640 medium, respectively; Corning Cellgro, Thermo Fisher Scientific, Grand Island, NY) supplemented with 10% fetal bovine serum (Invitrogen, 10100147), 1% penicillin/streptomycin (Gibco, 15140122), 1% sodium pyruvate (Gibco, 11360-070), 1% minimal essential medium non-essential amino acids solution (Gibco, 11140-050).
Real-time PCR and knockdown assay primers
Total RNA was isolated using TRIzol reagent (Invitrogen) following the instructions of the manufacturer. RNA was quantified, and cDNA was reverse-transcribed with the PrimeScript RT reagent kit (TakaRa, RR037A). The cDNA samples were used at 10 ng/well in a 384-well plate and run in triplicate. PCR were set up in 10-l volumes with SYBR Premix Ex Taq reagent (TakaRa, RR420A) on an ABI 7900HT sequence detection system. Quantification of the target mRNA expression level was RNF31 is required for human Treg stability normalized to actin expression. Primers for real-time PCR were used as follows: hFOXP3 forward, 5Ј-TCCCAGAGTTCCTC-CACAAC-3Ј; hFOXP3 reverse, 5Ј-ATTGAGTGTCCGCTGC-TTCT-3Ј; hCD25 forward, 5Ј-GAGACGTCCATATTTACA-ACAG-3Ј; hCD25 reverse, 5Ј-CCTTTGATTTCACTTGGGC-TTC-3Ј; hIFN-␥ forward, 5Ј-TCGCTTCCCTGTTTTAGC-TGC-3Ј; hIFN-␥ reverse, ATATTGCAGGCAGGACAACC; h␤-ACTIN forward, 5Ј-CTCTTCCAGCCTTCCTTCCT-3Ј; h␤-ACTIN reverse, 5Ј-CAGGGCAGTGATCTCCTTCT-3Ј. The short hairpin RNA target sequences related to control shRNA and RNF31 were previously described and were then conjugated to pLKO.1-GFP plasmid (40, 41) .
Isolation of human Treg cells
Human PBMCs were isolated from healthy donors (Shanghai Blood Center). Human CD4 ϩ CD25 hi CD127 lo Treg cells and CD4 ϩ CD25 lo CD127 hi effector T cells were sorted using a FACS ARIA II cell sorter (BD Biosciences). The purity of the isolated cells was 90 -95%. In vitro expansion of Treg cells was performed in X-VIVO (Lonza) medium supplemented with 10% fetal serum (Invitrogen, 10100147), 1% GlutaMAX TM (Gibco, 35050-061), 1% sodium pyruvate (Gibco, 11360-070), and 500 units/ml of rIL-2 (R&D Systems, 202-IL) in the presence of anti-human CD3/CD28 -conjugated Dynabeads (Gibco, 11132D) at a bead-to-cell ratio of 1:1. About 2 weeks later, cells can be used for functional analysis.
Immunoblot analysis and immunoprecipitation
Cells were lysed in immune precipitation assay buffer (RIPA buffer) containing 50 mM Tris/HCl (pH 7.4), 0.5% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA with 1 mM phenylmethylsulfonyl fluoride, 1 mM Na 3 VO 4 , 1 mM NaF, and protease inhibitor (Sigma, P8340 -5ML). The supernatants were immunoprecipitated with 1 g of the indicated antibodies for 4 -10 h at 4°C, followed by adding 10 l of protein A/G Plus-agarose (Santa Cruz Biotechnology, sc-2003) for 1-1.5 h incubation at 4°C. The immunocomplexes were then washed 6 times with RIPA buffer containing 1 mM phenylmethylsulfonyl fluoride or 5% Tween (optional for removing nonspecific binding) and examined by Western blotting by standard procedures.
Suppressive assay
CD4 ϩ CD25 Ϫ CD127 ϩ T cells (Tconv cells) were isolated from healthy donor PBMC, and then labeled with CTV (Invitrogen, C34557), followed by different dilutions with in vitro expanded Treg cells, activated with anti-CD3/CD28 beads (Tconv: beads 4:1) for 84 h in a round bottom 96-well plate. Tconv cells were then detected for proliferation by FACS analysis.
Lentivirus transduction
The plasmids PLVX-GFP-RNF31, PLVX-GFP-CK, pLKO.1-GFP-shCK, or pLKO.1-GFP-shRNF31 were co-transfected with del8.9 and vesicular stomatitis virus-G into HEK-293T cells by calcium phosphate transfection. The viral supernatants were harvested and enriched via centrifugation. In vitro expanded human primary Treg cells were incubated with the virus supernatant, along with Polybrene (8 g/ml, Sigma), anti-CD3/CD28 beads (Tregs: beads 10:1), rhIL-2 (500 units) overnight. After virus supernatants were removed, cells were cultured with fresh medium, 48 h later, those viable GFPpositive cells were then under investigation through FACS or cell sorting.
Immunofluorescence assay
In vitro expanded human primary Treg cells were plated onto poly-L-lysinecoated (Sigma) microscope coverslips by centrifugation and then fixed in PBS containing 4% (v/v) paraformaldehyde for 30 min at room temperature, avoiding light. After washing three times with PBS, the coverslips were incubated in blocking buffer (PBS, 3% (w/v) BSA, 0.5% Triton X-100, 10% (v/v) newborn calf serum) followed by three washings with binding buffer (PBS, 3% BSA, 0.5% Triton X-100). Samples then were incubated with primary antibodies for 1 h at room temperature diluted in binding buffer. After three washings with binding buffer, samples were incubated with secondary antibodies and DAPI nuclei stain for 1 h at room temperature in binding buffer. Then samples were washed extensively with PBS and mounted on microscope slides using Mowiol (Calbiochem). Samples were examined on a Leica TCS SP5 microscope (Leica).
Isolation of tumor-infiltrated immune cells
Human gastric cancer and mice melanoma specimens were cut into pieces on ice to about 0.2 cm diameter, then incubated in 1640 medium supplemented with 10% FBS and type IV collagenase (Sigma, C5138) solution 300 units/ml for 0.5-1 h at 37°C. After passing through a 100-m filter, cells were washed twice with 1ϫ PBS prior to staining.
His-pulldown assay
His-pulldown assays were carried out as previously described (41) .
In vitro ubiquitination assay
His 6 -E1(100 ng), His 6 -UbcH5b(200 ng), His 6 -FLAG ubiquitin (10 g) were purified from Escherichia coli as previously described (11) . StrepII FOXP3 (500 ng) purified from the supernatant of culture medium cultivating CHO-K1 cells using a Strep Tactin-Sepharose High performance kit (GE Healthcare, 29048653), 2ϫFLAG RNF31/RNF31-N1 (500 ng), 2ϫFLAG RBCK1 (500 ng) purified from HEK-293T cells with FLAGtagged protein purification kit (Sigma, C2103) were mixed in the reaction buffer (20 mM Tris, pH 7.5, 5 mM DTT, 5 mM MgCl 2 , and 2 mM ATP) for 2 h, at 37°C, then SDS was added to stop the reaction followed by Western blotting, anti-FOXP3 antibody was used to specifically detect the ubiquitination level of FOXP3.
Kaplan-Meier analysis
Based on the TCGA gastric cancer data, we used the ratio between expression of RNF31 and FOXP3 to normalize RNF31 expression for differences in tumor-infiltrated T cell densities. We found that higher expression of RNF31 was associated with a reduced disease-free survival rate (p ϭ 0.03, log rank test).
RNF31 is required for human Treg stability Human samples
Samples were collected from treatment-naive adults undergoing surgery for primary gastric cancer after informed consent and approval from the Shanghai Jiaotong University School of Medicine, Renji Hospital Ethics Committee. PBMCs were obtained from patients prior to their surgical procedures.
C57BL/6 mice
Breeding mice were purchased from Jackson Laboratory. All animal protocols are approved by governmental and institutional guidelines for animal welfare.
Statistical analysis
Quantification analyses of Western blotting signals were done with ImageJ software (version 1.47, National Institute of Health). The statistical significance of the data were calculated with paired, two-sided Student's t test performed using GraphPad Prism 6. Probability values (p Ͻ 0.05) were considered as statistically significant: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
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